ABSTRACT A DNA fragment carrying an immunoglobulin gene coding for both variable (V) and constant (C) regions of a mouse X light chain was enriched about 15-fold from a total endonuclease EcoRI digest of a plasmacytoma (HOPC 2020) DNA by preparative agarose gel electrophoresis. The DNA fraction was used for cloning of a X chain gene in the phage XgtwEs vector. After screening [Benton, W. D. & Davis, R. W. (1977) Science 196,[180][181][182] of about 70,000 plaques, each arising from an independent transfection event, we isolated one clone (Ig 303) that contained both a VX and a CA DNA sequence.
Electron microscopy of R-loops formed between the cloned DNA and purified X chain mRNA (HOPC 2020) revealed that the VA and CX DNA sequences are separated by a 1250-base DNA fragment.
To study molecular mechanisms involved in organization and expression of immunoglobulin genes, we have been cloning DNA fragments containing these genes by in vitro DNA recombination. In a previous paper, we reported isolation of a mouse embryonic V?. gene clone (1) . Characterization of this clone by electron microscopy and nucleotide sequencing confirmed that immunoglobulin V and C genes (coding for the variable and constant regions, respectively, of immunoglobulin) occupy separate positions in embryo DNA (1, 2) . On the basis of restriction enzyme analysis of total cellular DNAs, we previously concluded that the V and/or C genes are somatically rearranged during differentiation of lymphocytes (3) (4) (5) . The rearrangement event was thought to join the two DNA segments, thereby permitting RNA polymerase to transcribe the V and the C genes in contiguity.
We here report isolation and partial characterization of another DNA clone from a X chain-producing plasmacytoma. R-loop mapping by electron microscopy revealed that the cloned DNA contains both a VA and a CA gene, but that they are separated by 1250 Benton and Davis (7) were followed except that nick-translated, cloned X chain cDNA (in pCRI) was used as the hybridization probe. Filters were coated with bovine serum albumin before hybridization (8) .
Construction of a X Chain cDNA Clone and Preparation of Hybridization Probe. A plasmic pCRI clone that carries in the EcoRI site a 970-base DNA sequence complementary to HOPC 2020 X chain mRNA (1200 bases long) was constructed according to the procedures described (9) for globin cDNA clones. The details of the construction procedures are to be described elsewhere. The cloned DNA was nick-translated (10) .
All cloning experiments were carried out with an EK2 vector in a P3 facility, in accordance with the NIH guidelines issued in June 1976.
Other Procedures. Isolation of high molecular weight myeloma DNA, purification of light chain mRNA, isolation of the 3'-end half of mRNA, preparative agarose gel electrophoresis, and use of iodinated RNA in the detection of DNA fragments carrying immunoglobulin V and C sequences have all been described (3, 11) . R-Loop Formation and Electron Microscopy. The conditions for R-loop formation and spreading of the hybrid molecules were as described (1) . Electron ) to which the phages in the plaques had been transferred was alkali treated, neutralized, baked, precoated with albumin, and incubated at 65°for 12 hr in a solution (3 ml per filter) containing 4X SSC (1X SSC is 0.15 M NaCl, 0.015 M sodium citrate, pH 7), sonicated denatured calf thymus DNA (Sigma) at 100 ug/ml, E. coli DNA at 300 ug/ml, poly(A) (Miles) at 5 'g/ml, 0.5% sodium dodecyl sulfate Denhardt's mixture (8) , and nick-translated, denatured DNA at 2 X 105 cpm/ml (specific activity -5 X 107 cpm/gg) from A chain cDNA clone (in pCRI). Filters were washed batchwise at 650 first in 4X SSC containing 0.5% sodium dodecyl sulfate and Denhardt's mixture (two changes, total time 3 hr), then 2X SSC containing 0.5% sodium dodecyl sulfate (one change, total time 2 hr), using 20 ml per filter per wash. Filters were air dried, marked, and exposed for 20 hr at -70°to a pre-fogged X-ray film (Kodak X Royal) with a tungsten intensifying screen (Ilford). The arrow points to an autoradiographic spot representing the Ig 303 phage plaque. Marks at the edge of the filter are for orientation.
R-loops are independent, separated by a duplex region of exactly the same length as the double-stranded-DNA loop in hybrids a, or the shorter single-stranded DNA loop in hybrids b. Hybrid c structures could have been formed by two separate RNA molecules each hybridizing to one of the two homology regions. In this case, however, both R-loops should have an RNA whisker corresponding to the nonhybridized moiety of the mRNA molecule. A more likely interpretation is that a tripleloop structure has been mechanically-broken during the spreading and that each R-loop is formed by one half of the 70% vol/vol formamide) the 7.4-kb mouse DNA fragment denatured completely, and the mRNA hybridized with the complementary DNA strand (noncoding strand). This generated a structure in which a single-stranded DNA loop was flanked by two hybrid segments from which single-stranded DNA arms extended (Fig. 4) . R-loop formation could then be observed to occur in two steps. Upon further incubation at 25°, the coding DNA strand annealed to the left and right arms of the structure (Fig. Sa) and finally also to the loop between the two hybrid regions to form the triple-loop structure similar to the one shown in Fig. Sa (Fig. 5b) .
The results obtained by measurement of the various hybrid structures are summarized in III B fragment are shown in Fig. 6 . The Ig 303 DNA was either single-stranded with a short duplex region resulting from the annealed part of the Ig 13 fragment (Fig. 6a) or doublestranded, displaying the hybrid region as a D-loop structure (Fig. 6b) . Measurements made on these structures support the conjecture that the shorter homology is the V gene sequence ( Table 1 A hint that A chain genes also underwent rearrangement was obtained when DNAs from embryo and A chain-producing myeloma (HOPC 2020) were compared (4). Thus, digestion of embryonic DNA with EcoRI generated two Vx gene-carrying fragments (4.7 and 3.2 kb) and one CX gene-carrying fragment (7.5 kb), whereas digestion of HOPC 2020 myeloma DNA generated, in addition to the three DNA fragments, a new fragment (7.0 kb) that probably carried both VX and CX genes (see Results and ref. 4) . Because amino acid sequence studies (13, 14) ruled out the existence of an EcoRI site in the translated part of a A chain gene, these results indicated that V and C genes are some distance away from each other in embryonic DNA. This conclusion was directly confirmed by our recent nucleotide sequencing studies of a Vx11 gene clone that was isolated from the 4.7-kb embryonic fragment (ref. 2 , and unpublished observation). How does the genetic information encoded in two separate DNA segments, V and C, become integrated in order to generate mRNA coding for a continuous polypeptide chain? Appearance of a new DNA fragment in myeloma DNA, which apparently carries both V and C gene sequences (7.0-kb fragment), suggested that the integration takes place directly at the DNA level by somatic recombination (1) . The Presence of both Via and CA gene sequences in the 7.0-kb myeloma DNA fragment was verified by isolation of Ig 303 DNA, which was cloned from the gel fraction enriched for this fragment. (The slight discrepancy in the sizes of the two DNA fragments, the 7.0-kb agarose gel fragment and the 7.4-kb cloned DNA fragment, can be attributed to inaccuracy in size determination of the former.) However, electron microscopy of the R-loops formed between the cloned DNA and purified, homologous X chain mRNA revealed that the VX and CA gene sequences are separated by 1250 bases. Because the clone was isolated from the DNA component present in a XI chain-producing myeloma (but not in the embryo genome), it seems that the V and C genes in the Ig 303 fragment are those that have gone through the rearrangement process. This conjecture is supported by our following observations. We have more recently cloned the 7.5-kb embryonic CA gene fragment and the 3.2-kb embryonic Vx gene fragment. Electron microscopic examination of the heteroduplexes formed between either of these cloned DNA fragments and the Ig 303 DNA demonstrated that the 1250 nontranslated bases are also contained in the embryonic Cx gene clone (data not shown). These results also make the following possibility remote, namely, that the 1250-base fragment is an artifact of cloning procedures. It is thus likely that the V and C gene sequences contained in the Ig 303 clone are those that are utilized in this myeloma for actual production of the XI light chain. We thus envisage the following scheme of events. In the embryo, immunoglobulin V and C genes are separate and are relatively distant from each other. During differentiation of B lymphocytes, a particular V gene (and/or the corresponding C gene) is translocated. The mechanism of the translocation is such that the two DNA segments come closer, but not in contiguity; How the structural gene containing a DNA gap leads to production of a continuous mRNA (15) coding for the polypeptide chain is a matter of speculation. One possibility is that RNA polymerase jumps across the gap from one DNA segment to the other. Another more attractive possibility is that the entire DNA region including the V segment, the non-translated segment, and the C segment-is transcribed into a single precursor RNA molecule and that the RNA sequences corresponding to the V and C regions are subsequently spliced to yield a mature mRNA molecule. RNA splicing has been recently proposed to account for the presence of the short segments that form the 5' region of adenovirus late mRNAs, and which are coded in DNA by short fragments that are separate from the larger fragment coding for the rest of the mRNAs (16, 17) .
One may ask why the lymphocytes take the-trouble of moving immunoglobulin DNA segments around if they are equipped with an RNA splicing apparatus. A key for answering this question may be that RNA splicing is an intramolecular event. Both amino acid sequence studies (18) and nucleic acid hybridization studies (4) suggest that there exist more different germ line V genes than C genes for a given type of immunoglobulin chain. (In this sense, mouse X type chains may be exceptional.) Thus, in the mouse there might be as many as one hundred different VK genes per haploid genome, whereas there is probably only one CK gene (19) . The assumption that RNA splicing operates only intramolecularly imposes a certain restriction as to how the immunoglobulin gene complex is transcribed; a given V gene must be cotranscribed with the C gene for its subsequent expression. An inevitable consequence of transcription without DNA translocation would be the synthesis of long RNA molecules containing multiple V gene sequences and a single C gene sequence. It is difficult to envisage a simple mechanism by which a lymphocyte picks for splicing one and the same V gene sequence in all such long RNA molecules that it synthesizes. This would be necessary because there is abundant evidence which indicates that all B lymphcytes of one clone express the same light chain V gene (20 
